Peptidylglycine α-hydroxylating monooxygenase (PHM) and dopamine β-monooxygenase (DβM) are copper-dependent enzymes that are vital for neurotransmitter regulation and hormone biosynthesis. These enzymes feature a unique active site consisting of two spatially separated (by 11 Å in PHM) and magnetically noncoupled copper centers that enables 1e -activation of O 2 for hydrogen atom abstraction (HAA) of substrate C-H bonds and subsequent hydroxylation. Although the structures of the resting enzymes are known, details of the hydroxylation mechanism and timing of long-range electron transfer (ET) are not clear. This study presents density-functional calculations of the full reaction coordinate, which demonstrate: (i) the importance of the end-on coordination of superoxide to Cu for HAA along the triplet spin surface; (ii) substrate radical rebound to a Cu II hydroperoxide favors the proximal, nonprotonated oxygen; and (iii) long-range ET can only occur at a late step with a large driving force, which serves to inhibit deleterious Fenton chemistry. The large inner-sphere reorganization energy at the ET site is used as a control mechanism to arrest premature ET and dictate the correct timing of ET. 
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C
opper is an essential cofactor for many cellular processes requisite for life (1) . In particular, one or multiple coppers are found in active sites of enzymes that bind, activate, and reduce O 2 using the biologically accessible Cu II /Cu I redox couple (2, 3) . One important class of Cu-dependent O 2 -activating enzymes is responsible for the stereospecific C-H α-hydroxylation of hormones and glycine-extended neuropeptides for proper neurotransmitter regulation and hormone biosynthesis. These enzymes [peptidylglycine α-hydroxylating monooxygenase (PHM), dopamine β-monooxygenase (DβM), and tyramine β-monooxygenase (TβM)] feature two distinct Cu sites (designated Cu M and Cu H ) separated in the protein by an ∼11-Å distance ( Fig. 1 ) (4) (5) (6) . The lack of magnetic coupling between these sites distinguishes this class as "noncoupled" binuclear copper monooxygenases, in contrast to coupled binuclear copper enzymes (tyrosinase, hemocyanin, etc.). Intriguingly, a recent structure of dimeric DβM (7) shows an "open" conformation reminiscent of PHM in one apo monomer (predicted Cu-Cu distance ∼14 Å) and a "closed" conformation in the second half-apo monomer with a significantly contracted core (predicted Cu-Cu distance ∼5 Å). This suggests that the domains containing Cu H and Cu M have some conformational flexibility; however, it is currently unknown whether this is relevant to turnover. The Cu M site, featuring a 2His/1Met ligand set, is the center involved in O 2 activation, and the Cu H site, supported by 3His coordination, is an unusual electron transfer (ET) site that provides the second electron required for turnover.
Kinetic isotope studies on PHM, DβM, and TβM have established several important parameters of the mechanism of C-H hydroxylation. A large intrinsic substrate H/D isotope effect (10.6) on the C-H cleavage step in PHM is consistent with homolytic C-H cleavage [i.e., via H-atom abstraction (HAA)] (8); however, the small isotope effect on k cat (∼1.5) (9) leads to a triplet ground state because the small d=π σ * splitting is insufficient to overcome the spin pairing energy (Fig. 2) (3, 19) .
In this study, we evaluate the ability of an end-on triplet Cu II M -ðO
•− 2 Þ to perform HAA in PHM. This leads to a full turnover mechanism consistent with the experimentally determined turnover rate. Additionally, we evaluate rates of ET from the reduced Cu H I site to oxidized Cu II M intermediates, and show that the inherently large inner-sphere reorganization energy of the Cu H site is Significance Nature has evolved several strategies for using dioxygen (O 2 ) for chemical oxidations. These enzymatic processes typically use metal cofactors to impart selectivity and minimize production of deleterious reactive oxygen species. In particular, hormone biosynthesis and neurotransmitter regulation are accomplished by copper-and O 2 -dependent enzymes possessing a unique copper active site; however, the mechanism has been debated and the role of the unique active site structure in enabling the chemistry is unclear. To understand this, structural and spectroscopic data are used to computationally model the full reaction mechanism to define the molecular basis for O 2 reactivity and define the role of the active site structure in controlling proper enzymatic function.
an important regulatory feature of the enzyme that controls the timing of ET to avoid uncoupled turnover via deleterious Fenton chemistry. (20) . The calculated barrier in the model system using the same computational method is ΔG ‡ = +28.2 kcal/mol, which is 7.8 kcal/mol higher than that experimentally determined (20.4 kcal/mol). Thus, a correction of -7.8 kcal/mol was applied to the HAA ΔG ‡ in PHM to give a corrected barrier height of ΔG ‡ = +14.4 kcal/mol, which is consistent with the ∼14 kcal/mol obtained experimentally from the temperature dependence of the intrinsic isotope effect. Similarly, the calculated thermodynamics of HAA from FmG were calibrated to experimental bond dissociation enthalpies (21, 22) , giving a corrected value of ΔG HAA = +6.7 kcal/mol in PHM (see SI Appendix for details).
Results and Analysis
The orientation of the C-H bond during HAA is close to perpendicular to the CuO 2 plane (with the Cu-O-O-H dihedral angle = 137°), suggesting that HAA uses the superoxide π*-orbital perpendicular to the CuO 2 plane (π v * in Fig. 2 ). To quantify the preference of HAA into π v *, a series of TS structures was optimized at various fixed ∠Cu-O-O-H, and the orientation dependence on the HAA barrier (SI Appendix, Fig. S1 1 -OOHÞ. Even accounting for the energy required to isomerize the end-on hydroperoxo to side-on (ΔG = +5.8 kcal/mol), rebound to the nonprotonated, proximal O occurs with ΔG ‡ rebound = +15.9 kcal=mol (TS in Fig. 3G ) relative to the HAA products in Fig. 3D (and +23.8 kcal/mol relative to Cu I M + O 2 , a ∼4-kcal/mol lower overall barrier than rebound to the protonated, distal OH (TS in Fig. 3E ).
Proton-Coupled Electron Transfer from Cu H to Cu M . A major unanswered question in the mechanism of the noncoupled binuclear Cu monooxygenases is the timing of ET from Cu H to Cu M that provides the second electron for the overall reaction, and specifically if this ET occurs prior or subsequent to substrate hydroxylation. ET and proton-coupled ET (PCET) rates were calculated for the transfer of an electron from Cu I H to the various oxidized Cu M /O 2 -derived intermediates to evaluate the mechanistic possibilities and identify the favored timing of ET. In the Marcus framework of ET (Eq. 1) (23), the rate of an ET reaction is dependent on three parameters in addition to temperature: reorganization energy (λ), driving force (ΔG°), and the magnitude of the electronic coupling between donor and acceptor (H DA ).
The reorganization energy λ is the sum of inner-sphere (λ i ) and outer-sphere (λ o ) contributions, which represent the energy required to reorient the ligands and the solvent, respectively, from initial to final coordinates. Outer-sphere reorganization is assumed to be 0.4 eV (24, 25) , and inner-sphere reorganization energies are obtained from density-functional theory (DFT)-calculated electronic energies (SI Appendix). Oxidation of the Cu H site. The Cu H site was optimized in reduced ( Fig. 3J) and oxidized ( Fig. 3K) states, using crystallographic coordinates of the three ligating histidines (His107, His108, and His172). The optimized structures are consistent with the solution spectroscopic data (26, 27) , where the lowest energy forms were trigonal Cu is unfavorable, ΔG = +6.6 kcal/mol). The change in coordination number of Cu H upon redox results in an inherently large inner-sphere reorganization energy (calculated λ i(CuH) = 0.93 eV; λ total(CuH) ∼ 1.33 eV). This is significantly larger than other typical ET sites in biology, which generally feature low inner-sphere reorganization due to the structural similarity between reduced and oxidized states (for example: blue copper, Cu A , and rubredoxins, each with λ i ∼0.2-0.4 eV). However, this unusually large reorganization energy at Cu H may be functionally required to the control correct timing of ET (vide infra). Fig. 4A , which starts from the structure in Fig. 3D ), which could couple directly with FmG
• to form Cu II M -ðOFmGÞ. Alternatively, PCET could occur at the step following rebound, to Cu II M ðOHÞð • OFmGÞ (the mechanism in Fig. 4B , which starts from the structure in Fig. 3H) . Calculated values of ΔG and λ i(CuM) for each permutation of mechanism (i.e., protonation following ET, ET following protonation, or concerted) and for each possible site of protonation for PCET to Cu Fig. 4A, Bottom; reaction f) . The tight coupling between O 2 reduction and substrate hydroxylation observed in these enzymes suggests the reactive O 2 -derived intermediates are tightly regulated, which would be inconsistent with production of free
• OH and subsequent Fenton chemistry that would likely lead to uncoupled turnover and oxidative damage to the enzyme.
Alternatively • OFmG) is concerted PCET with the protonation occurring at the hydroxo ligand (Fig. 4B, reaction p) . This reaction would occur with significant driving force (ΔG = -14.9 kcal/mol) along with a favorable inner-sphere reorganization energy at Cu M (λ i(CuM) = 0.22 eV). A similar PCET mechanism but with protonation at the alkoxyl is also favorable (Fig.  4B, reaction k) , but has slightly less driving force reflecting the slightly higher basicity of hydroxo versus alkoxyl ligands.
Stepwise PT/ET is also thermodynamically accessible (ΔG PT = +3.2 kcal/mol; ΔG ET = -11.1 kcal/mol; reactions q→ r in Fig. 4B ), but with less driving force and a higher reorganization energy, thus making PCET the overall most favorable mechanism. Quantification of ET and PCET rates. The Marcus equation (Eq. 1) was used to quantify the expected (PC)ET rates in these processes from the calculated values of ΔG and λ (Table 1 ). Due to the noncoupled nature of the active site positioning Cu H and Cu M to be ∼11 Å distant with no magnetic coupling between the Cu II centers, H DA must be very small (but nonzero), and a value of 0.01 cm −1 is assumed for the purpose of calculating ET rates here based on previous molecular dynamics simulations that calculated a conformationally averaged H DA across the waterfilled cleft and through the substrate of ∼0.015 cm −1 (28) . The most favorable pathway for ET among all of the calculated permutations is PCET to Cu II M ðOHÞ(
• OFmG) (reaction p in Fig.  4B ), which predicts a rate on the order of 10 1 s
. This is consistent with turnover (k cat = 39 s −1 ) (8) and is thus kinetically competent. Alternatively, the most favorable accessible ET to Cu M II -OOH has a much slower calculated rate (on the order of 10 −5 ·s -1 for reaction c in Fig. 4A ), a factor of 10 6 slower than PCET to Cu II M ðOHÞ(
• OFmG) and also ∼10 6 -fold slower than k cat . ET to Cu III M -O
•− (reaction i) would be fast enough to be competitive with turnover (calculated rate ∼10 1 ·s −1 ); however, it cannot be accessed due to the ΔG = +30.6 kcal/mol required to protonate Cu II M -OOH and cleave the O-O bond. This suggests that ET cannot occur to Cu II M -OOH (i.e., before substrate hydroxylation) because the driving force is not sufficient to overcome the large reorganization energy and low H DA to result in an ET rate that is compatible with turnover. This is important as it precludes premature ET, which would lead to uncoupled turnover via Fenton chemistry.
Product Release from Reduced Cu M . After hydroxylation and PCET, product release from Cu M completes the reaction. Some studies have suggested product release may be rate-limiting (29) (30) (31) . From the product of PCET, Cu II M ðOH 2 Þ(OFmG), intramolecular H + transfer from OH 2 to FmG-O -is moderately uphill (ΔG = +6.9 kcal/mol); however, this proton transfer proceeds with a low barrier of ΔG ‡ = +10 kcal/mol, which is significantly lower than the radical rebound step (+23.8 kcal/mol), and thus not ratelimiting. The subsequent loss of protonated FmG-OH from the active site pocket (to give Cu II M -OH + FmG-OH) is thermoneutral (ΔG = +0.3 kcal/mol). Other mechanisms of product release were also considered, but each is less favorable than intramolecular protonation (SI Appendix, Fig. S3 ).
Discussion
Overall Mechanism of PHM. Taken together, the calculations presented here have identified a single overall lowest energy mechanism of PHM. This pathway for O 2 binding and activation, HAA Table 1 . ET and PCET rates calculated from Eq. 1 at 298 K The ET or PCET reaction that is along the favored pathway is highlighted in bold. Note that reaction i is faster than favored reaction c, but i is not accessible due to the highly endergonic PT that would precede it (reaction h). *Only the reductive half-reaction is shown. In each case, this is coupled to Cu
The reaction letters refer to Fig.  3A (a-i) , Fig. 3B (k-r) , or SI Appendix, Fig. S2 (t-w) .
and rebound from substrate, PCET from Cu H to Cu M , and product release is shown in Fig. 5 . The overall rate-determining step in turnover is calculated to be rebound of the substrate radical to the nonprotonated oxygen of Cu II M -OOH. This is consistent with the small substrate H/D kinetic isotope effect on k cat (1.5) (9), where the calculated H/D isotope effect on this rebound step is 1. that cannot overcome the spin pairing energy (Fig. 2) . This leads to a low-lying unoccupied superoxide π v * orbital ( • and a lower barrier by forming a stronger FmG···O bonding interaction at an earlier TS.
Cu H as an ET Site. The lack of exchange coupling between Cu H and Cu M has been explained as the key factor directing the reactivity of the noncoupled binuclear copper enzymes toward 1e
-HAA/ hydroxylation, as opposed to 2e
-electrophilic aromatic attack in the coupled binuclear Cu enzymes (32) . This control allows the overall two-electron oxidation of substrate to be accomplished by delivering electrons to the active Cu M site one at a time, which permits one-electron reduction of O 2 to the superoxide intermediate to "turn on" substrate HAA rather than two-electron reduction of O 2 to a (hydro)peroxo intermediate that is not activated toward HAA. However, an inherent mechanistic challenge of the enzyme using two sequential ETs is controlling the timing of the second ET to only reduce the correct Cu M intermediate that leads to a productive reaction.
A significant constraint on ET rate is due to the large innersphere reorganization at Cu H (calculated λ i = 0.93 eV). Therefore, rapid ET can only occur at a step in the mechanism with significant driving force. Of the possible ETs (Fig. 4 
